Primary bacterial respiratory chain dehydrogenase or Bacterial respiratory dehydrogenase NADH dehydrogenases have been isolated in a low-molecular weight form (56,500) from both low-iron and normal-iron grown cells of Azotobacter vinelandii. Unlike low-molecular weight forms of NADH dehydrogenases reported from mammalian mitchondria, the enzymes in this study have not undergone any unusual alterations in various reactivities with substrates and electron acceptors. The NADH dehydrogenases from A. vinelandii do differ in cofactor cotent, light-absorption spectra and electron paramagnetic resonance spectra but show similar catalytic-center activities with substrates and electron acceptors. The relationship of these NADH dehydrogenases to site I oxidative phosphorylation in both the bacterial and mammalian systems is discussed.
NADH dehydrogenase has been isolated from both low-iron and normal-iron grown cells of A. vinelandii. The anaerobic purification procedure involved french-pressure cell extraction, reaction with DNAse and RNAse, heat-treatment, ammonium sulfate fractionation and Sephadex chromatography. The molecular weight determined by Sephadex chromatography or hydrodynamic measurements for either low-iron or normal-iron derived enzyme was found to be 56,500. During the isolation procedure and especially during a key heat step presumably involving the dissociation of NADH dehydrogenase from a multienzyme complex, no unusual alteration was observed in specific activities or the Michaelis constants (Table I) for either enzyme when NADH or NADPH were substrates and menadione, ferricyanide, cytochrome c or coenzyme Q6 were electron acceptors. Both NADH dehydrogenases showed similar catalytic-center activities although differing in cofactor content, light-absorption spectra and EPR measurements near 15 °K. Catalytic-center activities for low-iron derived NADH dehydrogenase with NADH as substrate and the following electron acceptors were: menadione, 16,510; ferricyanide, 6,260; dichloroindophenol, 1,130; cytochrome c, 129 , and coenzyme Qe>17.
NADH dehydrogenase from low-iron derived cells was found to contain approximately one g atom molybdenum and two iron and labile sulfide atoms per mole FMN. Associated with this enzyme was an acetaldehyde-ferricyanide reductase activity (catalytic-center activity, 251) which was highly labile and rapidly lost during purification of NADH dehydrogenase. The addition of substrates to this enzyme resulted at 77 °K in an EPR signal at g = 1.95 ( Fig. 1) , previously shown to be Mo(V) by an EPR nuclear isotopic study using 95 Mo (ref. *). Loss of acetaldehyde-ferricyanide reductase activity was paralleled by a decline of the substrate-inducible g=1.95 signal. The light-absorption spectrum of the low-iron NADH dehydrogenase revealed maxima at 336 nm, 375 nm and 414 nm with a shoulder near 470 nm. The use of known molar absorptivities for binuclear iron-sulfide and FMN-containing proteins 2 accounted well for the observed light- Fig. 1 . EPR Spectra at 77 °K of an ammonium sulfate fraction (approx. 38 mg/ml) isolated by identical procedures from low-iron and normal-iron derived cells of A. vinelandii. The addition of NADH (2 MM) causes in the low-iron fraction the appearance of the g=1.95 signal which is due to Mo(V). Chemical reduction with sodium dithionite of the normal-iron derived fraction results in a g=1.94 absorption which is due to the biologically inactive iron-sulfur protein I (2). This latter signal is absent in all low-iron derived fractions. -EPR conditions: scanning rate, 400 G/min; time constant. 0.3 sec; modulation amplitude, 5.9 G; frequency, 9.19 GHz.
absorption spectrum. The addition of NADH or NADPH resulted in extensive bleaching of the lightabsorption. The subsequent addition of sodium dithionite caused only a small further bleaching.
In contrast NADH dehydrogenase derived from normal-iron cells contained four iron and labile sulfide atoms per mole FMN and differed in the lightabsorption spectrum (maximum at 414 nm and shoulders at 336 nm, 375 nm and 470 nm). This spectrum could also be accounted for on the basis of known molar absorptivities for iron-sulfide and FMN-containing proteins 2 . To a similar degree the addition of substrate resulted in extensive bleaching of the light-absorption (Fig. 2) . NADH dehydrogenase derived from low-iron or normal-iron grown cells was judged to be approx. 40% pure based on flavin analysis. Further attempts at purification resulted in lower catalytic-center activities. No EPR signals were observed in the oxidized or substrate- Fig. 2 . Light-absorption spectrum of normal-iron derived NADH dehydrogenase (1.4 mg/ml in 100 MM potassium phosphate buffer, pH 7.4). 1, as isolated; 2, after 1 MM NADH; 3, after excess sodium dithionite. Spectra were recorded at 25 °C in a Cary Model 15 recording spectrophotometer in an anaerobic Thunberg cuvette (Hellma) of 1 cm light path and 1 ml volume.
reduced normal-iron derived NADH dehydrogenase at 77 °K. However, when EPR measurements were carried out at 15 °K (Fig. 3) , the oxidized normaliron derived NADH dehydrogenase revealed an asymmetric substrate-reducible signal at g = 2.016 possibly attributable to low-spin ferric ion of unknown symmetry. This same signal in the isolated The roles of enzyme-bound FAD and non-heme iron in the mechanism of adenylyl sulfate reductase have been investigated by inhibitor studies, stopped-flow techniques and EPR spectroscopy. The results indicate that the non-heme iron found in the purified reductase is catalytically active and that the turnover number of the enzyme-bound FAD is identical with the maximum turnover number for the enzyme.
Unusual abbreviations: EPR, electron paramagnetic resonance; APS, adenylyl sulfate.
APS reductase catalyzes the oxidative activation of sulfite in the presence of AMP and an electron acceptor to yield APS and reduced electron acceptor 1 as shown in the following equation.
S03" 2 + AMP + 2 Fe (CN) 6" 3 APS + 2Fe(CN) Requests for reprints should be sent to Dr. HARRY D. PECK, JR., Department of Biochemistry, Graduate Studies Res. Center, University of Georgia, Athens, Georgia 30601, USA.
A maximum turnover number has been obtained with ferricyanide but a low level of activity can be observed with 02 as the electron acceptor. The enzyme also catalyzes the reduction of APS to AMP and S03 -2 in the presence of reduced methyl viologen. A mechanism of action has been postulated 2 which involves an initial reaction of sulfite with FAD to form an N-5 adduct 3 and subsequent transfer of the high energy sulfate to a mononucleotide acceptor such as AMP with the concomitant reduction of non-heme iron. The proposed scheme is shown in Fig. 1 where X represents the non-heme
